Both mountain pine beetle (MPB) Dendroctonus ponderosae Hopkins and fire leave scars with similar appearance on lodgepole pine Pinus contorta Dougl. ex Loud. var. latifolia Engelm. that have never been compared microscopically, despite the pressing need to determine the respective effects of MPB and fire injury on tree physiology. We analysed changes in wood formation in naturally caused scars on lodgepole pine, and tested the hypotheses that (i) MPB and fire injury elicit distinct anomalies in lodgepole pine wood and (ii) anomalies differ in magnitude and/or duration between MPB and fire. Mountain pine beetle and fire injury reduced radial growth in the first year post-injury. Otherwise, radial growth and wood density increased over more than 10 years in both MPB and fire scars. We found that the general increase in radial growth was of greater magnitude (up to 27%) and of longer duration (up to 5 years) in fire scars compared with MPB scars, as shown in earlywood width. We also observed that the increase in latewood density was of greater magnitude (by 12%) in MPB scars, but of longer duration (by 4 years) in fire scars. Crystallinity decreased following MPB and fire injury, while microfibril angle increased. These changes in fibre traits were of longer duration (up to 4 years) in MPB scars compared with fire scars, as shown in microfibril angle. We found no significant changes in carbon and nitrogen concentrations. In conclusion, we stress that reduced competition and resistance to cavitation play an important role alongside cambial injury in influencing the type and severity of changes. In addition, more research is needed to validate the thresholds introduced in this study. Our findings serve as a foundation for new protocols to distinguish between bark beetle and fire disturbance, which is essential for improving our knowledge of historical bark beetle and fire regimes, and their interactions.
Introduction
Bark beetle outbreaks and fires are key forest disturbances in western North America (Raffa et al. 2008 , Bowman et al. 2009 ). Both are climate-mediated and subtle changes to their historical regimes due to global warming can have major impacts on forest composition, structure, biodiversity and productivity (Raffa et al. 2008 , Flannigan et al. 2009 , Turner 2010 . Recent large and severe fires appear to have been exacerbated by climate change, fire exclusion and antecedent disturbance such as bark beetle outbreaks (Stephens et al. 2013 (Stephens et al. , 2014 . The mountain pine beetle (MPB; Dendroctonus ponderosae Hopkins) is considered the most destructive bark beetle in western North America (Raffa et al. 2008) , feeding on several Pinus spp. including the primary host lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm.; Safranyik and Carroll 2006) . The most recent outbreak has affected close to 20 million ha of forests in western Canada and the United States (Natural Resources Canada 2017, USDA Forest Service 2017). Understanding historical bark beetle and fire regimes and their interactions is essential for gauging forest resilience to ongoing environmental change.
Seminal works in disturbance ecology demonstrate that scars on the bole of trees can be accurately dated using tree rings and serve as a proxy to infer forest disturbances retrospectively (Sigafoos 1964 , Alestalo 1971 , Dieterich and Swetnam 1984 . Scars have long been employed to reconstruct historical fires (Swetnam et al. 1999 , Falk et al. 2011 . Mountain pine beetle outbreaks, however, have been primarily inferred from periods of growth release in surviving trees due to reduced competition , Smith et al. 2012 , Jarvis and Kulakowski 2015 . Scars are rarely used to reconstruct insect outbreaks, although notable exceptions include studies on MPB (Hawkes et al. 2004 , Axelson et al. 2009 , 2010 , red oak borer, emerald ash borer and spruce beetle (Fierke and Stephen 2010 , Siegert et al. 2014 , O'Connor et al. 2015 . Retrospective analysis of forest disturbances using scars requires determination of the causal agent of disturbance on individual trees. In contrast to fire scars, MPB scars can retain bark on the scar face, have blue-stain fungi in the sapwood, occur in consecutive years and show cambial dieback at different locations along the same ring (Mitchell et al. 1983 , Hawkes et al. 2004 ). However, not all scars exhibit these macroscopic and qualitative characteristics, and MPB scars often resemble fire scars due to their basal position and triangular 'catface' shape (Mitchell et al. 1983) . New microscopic and quantitative methods are needed to differentiate between MPB and fire scars.
Scar formation occurs when a portion of the vascular cambium is killed by injury, which is followed by the dynamic processes of (i) compartmentalization to resist the spread of decay and (ii) wound xylem formation to close the scar and restore continuity of the cambium (Shigo 1984 , Fink 1999 . A largely accepted view in tree physiology is that tree responses to cambial injury are responses to the wounding process per se, not to the stimulus or causal agent. Mullick (1977) notably emphasized the non-specific nature of tree responses to wounding for the formation of wound periderm. The non-specific nature of tree responses to wounding has since been demonstrated for the differentiation of tracheid, vessel and ray anomalies in wood (Arbellay et al. 2012 (Arbellay et al. , 2014a , the production of traumatic resin ducts in wood and bark tissues (Nagy et al. 2000 , Krekling et al. 2004 , Arbellay et al. 2014b , the activation of polyphenolic parenchyma cells in the bark , Krekling et al. 2004 ) and the increase in resin flow (Klepzig et al. 2005 , Lombardero et al. 2006 . Nevertheless, following Lieutier (2002) , we suggest that while wound-induced changes are comparable qualitatively (in type) across various causal agents, they may vary quantitatively (in severity) with the nature of the causal agent. Mountain pine beetle scars result from adult and larval beetles excavating galleries in the bark and injuring the cambium (Lieutier 2002) , whereas fire scars are the product of heat damage to the cambium by surface fires of low to moderate intensity (Gutsell and Johnson 1996) . Therefore, we expect wound-induced changes to differ in magnitude and/or duration between MPB and fire scars.
Fire scars have been studied macroscopically for patterns of compartmentalization and wound closure (Smith and Sutherland 1999 , Smith et al. 2016 , as well as microscopically for anomalies in the anatomy and chemistry of tree rings (De Micco et al. 2013 , Battipaglia et al. 2014 , Arbellay et al. 2014a . Conversely, little has been published on insect scars (Reid et al. 1967 , Liphschitz and Mendel 1987 , Haavik and Stephen 2011 . The main reason for this lack of knowledge, besides the limited use of scars to reconstruct insect outbreaks, is that existing research has rarely investigated scars induced by the insect itself. For instance, studies have simulated weevil attack through aseptic mechanical wounding (Cerezke 1974 , Tomlin et al. 1998 , Byun-McKay et al. 2003 . A larger body of studies has simulated bark beetle attack through mechanical wounding followed by artificial inoculation with a bark beetlevectored pathogenic fungus (Reid et al. 1967 , Raffa and Berryman 1983 , Klepzig et al. 1995 , 2005 , Nagy et al. 2000 , 2005 , Boone et al. 2011 , Mason et al. 2015 , Keefover-Ring et al. 2016 In this study, we integrate novel microscopic and quantitative attributes for a more robust differentiation of MPB and fire scars. Our work advances previous reconstructions of MPB and fire history, in which the origin of scars was determined by macroscopic and qualitative characteristics alone (Hawkes et al. 2004 , Axelson et al. 2009 , 2010 . We analysed changes in wood formation in naturally caused scars on lodgepole pine. We determined the respective effects of MPB and fire injury on tree physiology by measuring the width, density, ultrastructure (i.e., fine-scale anatomy) and chemistry of tree rings formed prior to and after cambial injury. We tested the hypotheses that (i) MPB and fire injury elicit distinct anomalies in lodgepole pine wood and (ii) anomalies differ in magnitude and/or duration between MPB and fire.
Materials and methods

Scar characteristics
Overstory lodgepole pine trees with external basal scars on the bole were previously sampled in Kootenay National Park (50°52′ 59″N, 116°02′57″W) in southeastern British Columbia, Canada (Daniels et al. 2008 , Kubian 2013 . In these studies, sampled cross-sections were prepared using standard dendrochronological methods (Stokes and Smiley 1996) and ring-width series were measured and crossdated using the programmes CDendro and COFECHA (Holmes 1983 , Larsson 2011 . The agent causing the scars, MPB or fire, was determined based on external and internal scar morphology, comparison of scar dates among trees from the same stand to assess synchrony, and comparison of scar dates with documented MPB outbreaks and fires in the Park during the 20th century (Canadian Forest Service 2016). We selected 30 MPB and 30 fire scars from these two studies for further analysis. The main characteristics of the two groups of scars are summarized in Table 1 . Scars are mostly dormant-season scars, meaning that the scar tips are along the boundary between two rings (Figure 1) . Care was taken to only choose scars formed on trees that were >20 years old to limit the risk of confounding juvenile effects and wound effects. In lodgepole pine, juvenile wood structurally differs from mature wood. The transition to mature wood, after which wood properties stabilize, is estimated at 8-23 years based on fibre traits and 14-48 years based on wood density (Mansfield et al. 2007 , Wang and Stewart 2012 . When cross-sections presented multiple scars, we only worked with scars that were >25 years apart, which is likely sufficient to avoid the first scar influencing growth in the years immediately preceding the second scar. Wound effects on conifer wood anatomy are known to persist for at least 5-8 years (Schneuwly et al. 2008 , Arbellay et al. 2014a ). Moreover, we only chose scars with no or limited blue-stain fungi in the sapwood, as blue stain influences the moisture, permeability and chemistry of lodgepole pine wood (Woo et al. 2005, Chow and Obermajer 2007) .
Sample preparation and analysis
Cross-sections were cut with a band saw to obtain a 7 mm wide radial wood band from each scar, which were then cut longitudinally into 7 mm × 5 mm wood strips. Wood specimens were extracted directly next to the scar margin ( Figure 2 ) to capture wound effects with the most confidence. Wound effects on conifer wood anatomy are most marked in the immediate vicinity of the scar, in the first 2 years post-injury (Schneuwly et al. 2008 , De Micco et al. 2013 , Arbellay et al. 2014a ). We analysed scars in a 24-year window including the last 12 rings of normal xylem formed pre-injury and the first 12 rings of wound xylem formed post-injury ( Figure 2 ). We quantified 10 tree-ring attributes using the following three sets of analyses.
Tree-ring width and density One wood strip from each scar was precision cut with a twin blade pneumatic saw to obtain a 1.68 mm thick radial section, which were Soxhlet extracted with hot acetone and allowed to acclimate to 7% moisture. Using an X-ray densitometer (Quintek Measurement Systems Inc., Knoxville, TN, USA), thick sections were scanned on the radial face of rings at a resolution of 0.0254 mm to measure earlywood width, latewood width, total ring width, earlywood density, latewood density and total ring density. Given that X-ray densitometry allows (almost) continuous measurement of the sample surface, values were obtained for all rings of the 24-year analysis window, and are reported herein as averaged values for each individual ring (for each individual scar).
Tree-ring ultrastructure Crystallinity and microfibril angle were measured on the same thick sections. Both attributes relate to the cellulose strands in the wall of wood fibres. Crystallinity is the weight fraction of crystalline cellulose found in the plant cell wall. Microfibril angle is the angle between the cellulose fibrils (in the S2 layer of the fibre wall) and the fibre long axis-not to be Study design used for tree-ring analysis. Scars were analysed directly next to the scar margin in a 24-year window including the last 12 rings of normal xylem formed pre-injury and the first 12 rings of wound xylem formed post-injury. Tree-ring width and density were measured in all rings. Tree-ring ultrastructure was studied in selected rings: in the twelfth, eighth and fourth rings of normal xylem and in the first, third, fifth and ninth rings of wound xylem. Tree-ring chemistry was investigated using the 12-ring increment of normal xylem and three 4-ring increments of wound xylem.
Tree Physiology Online at http://www.treephys.oxfordjournals.org confused with grain angle, which is the angle between the wood fibres and the stem long axis (Lachenbruch and McCulloh 2014) . Using an X-ray diffractometer (Bruker AXS Inc., Madison, WI, USA) fit with a 0.5 mm collimator and equipped with area array detector, thick sections were scanned on the radial face of rings. Scans were performed at 4-40°(2θ) with a step size of 0.05°to determine crystallinity and at 22-25°(2θ) with a step size of 0.1°to determine microfibril angle. Given that X-ray diffraction only allows discrete measurements of the sample surface, values were obtained for selected rings of the 24-year analysis window: in the twelfth, eighth and fourth rings of normal xylem and in the first, third, fifth and ninth rings of wound xylem (Figure 2 ).
Tree-ring chemistry One wood strip from each scar was dissected with a razor blade to obtain the following four increments: the 12-ring increment of normal xylem and three 4-ring increments of wound xylem (Figure 2 ). In the case of narrow rings, additional strips were dissected to provide sufficient material for chemical analysis. Increments were powdered using a Wiley mill and a ball mill to prepare samples of 8 mg from each increment. Samples were weighed into tin capsules and flash combusted at 950°C using an elemental analyser (Elementar Analysensysteme GmbH, Hanau, Germany) to measure carbon and nitrogen concentrations. Blank capsules, calibration standards (acetanilide) and certified reference materials (orchard leaf and coconut shell; Elemental Microanalysis Ltd, Devon, UK) were interspersed amongst the samples.
Statistical analysis
The Wilcoxon-Mann-Whitney test was used to determine whether MPB and fire injury elicited significant (P < 0.05) changes in lodgepole pine wood. This non-parametric test is analogous to the t-test but is distribution-free (Sprent and Smeeton 2007) , providing more robust results when the number of samples analysed does not exceed 30. For each of the 10 tree-ring attributes, normal xylem values were averaged to a single value, whereas wound xylem values were kept as individual values for each ring, or increment in the case of carbon and nitrogen analyses. To assess the type of changes (decrease vs increase) and severity of changes (magnitude and duration), the value of each post-injury ring was compared with the average value of pre-injury rings, as well as with the value of the first post-injury ring to account for any lagged response to cambial injury. For carbon and nitrogen analyses, the value of each post-injury increment was compared with the average value of pre-injury rings.
Results
Tree-ring width
Earlywood and total ring widths decreased in the first year postinjury in both MPB and fire scars. However, earlywood, latewood and total ring widths increased on average over the length of the analysed period (Figure 3 ). Earlywood and total ring widths initially decreased by 44% and 10% in MPB scars and by 37% and 7% in fire scars, respectively (Tables 2 and 3 ). These decreases were not significant, but caused a lagged response to cambial injury in the earlywood. In comparison with pre-injury rings, latewood and total ring widths significantly increased in both types of scars. Significant changes started as early as 4 years after injury and lasted up to 9 years. On average, latewood and total ring widths increased by 94% and 38% in MPB scars and by 90% and 53% in fire scars, respectively. Significant changes in earlywood width were only found in comparison with the first post-injury ring. On average, earlywood width increased by 89% in MPB scars and by 110% in fire scars. Overall, the increase in radial growth was of greater magnitude (up to 27%) and of longer duration (up to 5 years) in fire scars compared with MPB scars, as shown in earlywood width.
Tree-ring density
Latewood density decreased in the first year post-injury in both MPB and fire scars. However, earlywood and total ring densities increased on average over the length of the analysed period (Figure 4 ). Latewood density initially decreased by 15% in MPB scars and by 2% in fire scars (Tables 2 and 3 ). These decreases were not significant, but caused a lagged response to cambial injury in the latewood. In comparison with pre-injury rings, earlywood and total ring densities increased in both types of scars, but these increases were not significant. On average, earlywood and total ring densities increased by 2% and 6% in MPB scars and by 2% and 8% in fire scars, respectively. Significant changes in latewood density were only found in comparison with the first post-injury ring. On average, latewood density increased by 18% in MPB scars and by 6% in fire scars. Overall, the increase in wood density was equivalent in magnitude and duration in both types of scars, even though the increase in latewood density was of greater magnitude (by 12%) in MPB scars, but of longer duration (by 4 years) in fire scars.
Tree-ring ultrastructure
In comparison with pre-injury rings, crystallinity significantly decreased in both types of scars, while microfibril angle increased ( Figure 5 ). Crystallinity only significantly decreased in the first year post-injury, by 7% in MPB scars and by 4% in fire scars, on average (Tables 2 and 3 ). Significant increases in microfibril angle started as early as 1 year after injury and lasted up to 9 years. On average, crystallinity decreased by 2% in both MPB and fire scars, while microfibril angle increased by 9% in MPB scars and by 7% in fire scars. Significant changes in fibre traits were also found in comparison with the first post-injury ring, but only in MPB scars where crystallinity increased by 5%, on average. Overall, the changes in fibre traits were equivalent in magnitude in both types of scars, but were of longer duration (up to 4 years) in MPB scars compared with fire scars, as shown in microfibril angle.
Tree-ring chemistry
In comparison with pre-injury rings, carbon concentration decreased by 2%, on average, in both MPB and fire scars, while nitrogen concentration increased by less than 1% in MPB scars and decreased by 3% in fire scars (Tables 2 and 3 ). However, none of these changes was significant ( Figure 6 ).
Discussion
Tree-ring width
Mountain pine beetle and fire injury caused a short-term reduction followed by a multi-year release pattern in the radial growth of lodgepole pine. On average, the growth reduction was limited to the first year post-injury. Carbohydrate reserves may not have been sufficient to sustain radial growth immediately after cambial injury (Miller and Berryman 1986, Maier et al. 2010) . Similarly, radial growth decreased in Scots pine treated with defenceinducer methyl jasmonate (Heijari et al. 2005) . As a consequence, in MPB-and fire-scarred lodgepole pine, carbohydrates may have been mobilized for defence (Hood et al. 2015 , Wiley et al. 2016 at the expense of growth (Stamp 2003) . Subsequently, in both MPB and fire scars, lodgepole pine experienced an increase in radial growth starting, on average, in the second year post-injury and that was sustained for at least 11 years. A release pattern in the radial growth of lodgepole pine is typical following MPB attack and can last up to 20 years (Heath and Alfaro 1990 , Alfaro et al. Tree Physiology Online at http://www.treephys.oxfordjournals.org
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. Growth release is also common post-fire in Pinus spp. and has been shown to persist for at least 10-15 years (Keeling and Sala 2012, Valor et al. 2013) . Even though scars represent long-term carbon sinks to enable wound xylem formation to close the scar, we attribute this rapid and sustained shift in growth to positive environmental effects offsetting the negative effects of cambial injury. Mountain pine beetles prefer large-diameter mature trees (Safranyik and Carroll 2006) and thus emulate a thinning from above where overstory trees are primarily removed (Heath and Alfaro 1990, Hawkins et al. 2013 ). Low-severity fires, frequent in the Kootenays (Daniels et al. 2011 , Marcoux et al. 2013 ), correspond to a thinning from below where seedlings, saplings and understory trees are primarily removed. Both MPB-and fire-induced thinning therefore lead to reduced competition and increased access to resources, which act to promote growth. Moreover, we associate the higher and more sustained growth increase in fire scars to enhanced soil fertility due to nutrient release from fire (Certini 2005, Úbeda and Outeiro 2009) . The larger size of fire scars compared with MPB scars (Table 1) is another important factor explaining the higher and more sustained growth increase in fire scars. Since fire scars affected a larger percentage of the tree circumference, carbohydrates were allocated to a smaller area of intact cambium, resulting in wider rings.
Tree-ring density
In both MPB and fire scars, lodgepole pine experienced an increase in wood density starting, on average, in the first year post-injury and that was sustained for at least 12 years. In lodgepole pine, higher wood density is consistent with the presence of narrower earlywood tracheids (Wang and Aitken 2001) and is correlated with resistance to cavitation (Wang et al. 1999 (Wang et al. , 2000 . Pinus spp. have been shown to produce narrower earlywood and latewood tracheids in response to cambial injury (Ballesteros et al. 2010 , De Micco et al. 2013 , Battipaglia et al. 2014 ) over at least 8 years (Arbellay et al. 2014a ). We conclude that MPB-and fire-scarred lodgepole pine formed denser wood with presumably narrower tracheids as a safety measure against cavitation, to the benefit of mechanical support but at the expense of hydraulic efficiency (Hacke et al. 2001, Lachenbruch and McCulloh 2014) . Loss of water conduction rather than cambial injury is believed to be the main cause of tree mortality following MPB attack and fire (Michaletz et al. 2012 , Wiley et al. 2016 ).
Tree-ring ultrastructure
Despite the fact that cambial injury in Pinus spp. often triggers the differentiation of malformed and disorientated tracheids close to the wound margin (Liphschitz and Mendel 1987, 1989, Zajaczkowska 2014 , Chano et al. 2015 , it was possible to quantify significant changes in fibre traits in MPB-and firescarred lodgepole pine. The reduction in crystallinity in the first year post-injury is likely related to the reduction in radial growth in that same year, whereas the general increase in microfibril angle follows the general increase in radial growth. Microfibril angle values are positively correlated with radial growth in Pinus spp. (Downes et al. 2002 , Auty et al. 2013 . Wood fibres with increased microfibril angle make a wood of decreased stiffness (Cave and Walker 1994, Evans and Ilic 2001) . Wood stiffness represents the joint effects of wood density and microfibril angle; therefore, the denser wood formed following MPB and fire injury bears an adverse effect of microfibril angle on wood strength.
Tree-ring chemistry
We found no significant changes in carbon and nitrogen concentrations as a response to MPB and fire injury. One possible explanation is that lodgepole pine stores more carbohydrates and nitrogen in the phloem than in the xylem (Lahr and Sala 2014, Wiley et al. 2016 ). In addition, lodgepole pine defence strategy invests more resources in monoterpene production in the phloem than in traumatic resin duct formation in the xylem (Arango-Velez et al. 2016) . Nevertheless, Wiley et al. (2016) reported that following MPB attack, the amount of carbohydrates being mobilized for defence decreased in the phloem and xylem of the attacked region. In Scots pine, Guérard et al. (2007) found higher carbon and nitrogen concentrations in the xylem after simulated bark beetle attack.
How similar are MPB and fire scars?
Mountain pine beetle and fire scars are both intrinsically mechanical (Fink 1999) . Insect and fire injury have shown to elicit similar responses in comparison with mechanical wounding (Liphschitz and Mendel 1987 , Lombardero et al. 2006 , Arbellay et al. 2014a . However, unlike fire injury, MPB injury is not 'purely' mechanical. Mountain pine beetles inoculate fungal and bacterial symbionts that assist in overcoming tree defences via terpene degradation (Boone et al. 2013 , Wang et al. 2014 ) and water flow blockage by fungal hyphae (Hubbard et al. 2013 , Wiley et al. 2016 . Mountain pine beetle injury is initiated by mechanical damage caused by adult and larval beetles excavating galleries in the bark and injuring the cambium, which is amplified by the proliferation of blue-stain fungi in the phloem and xylem (Reid et al. 1967 , Berryman 1988 , Lieutier 2002 . Simulated bark beetle attack combining mechanical wounding and fungal inoculation typically causes a stronger defence response than mere mechanical wounding in Pinus spp. (Klepzig et al. 2005 , Nagy et al. 2005 , Keefover-Ring et al. 2016 . Furthermore, the singular way in which MPB attacks trees is pertinent. We noted that MPB scars often consisted of several small scars (up to six) repeated along the same ring. Even though small scars represent less functional damage and more effective compartmentalization (Shigo 1984 , Fink 1999 , the presence of multiple scars around the tree circumference is likely more energetically demanding. Tree resistance depends on mobilization of nearby reserves to the attacked region (Guérard et al. 2007 , Goodsman et al. 2013 . We suggest that MPB injury is more acute than fire injury due to mobilization of large quantities of carbohydrates not to one single sink but to multiple sinks, likely impeding the effectiveness of defence responses and resulting in more severe cambial injury. Mountain pine beetle and fire scars of lodgepole pine presented similarities in the type of changes induced by cambial injury, such as the decreases in radial growth and crystallinity in the first year post-injury. However, congruent with Lieutier (2002) , we demonstrate that while wound-induced changes are comparable qualitatively (in type) across various causal agents, they may vary quantitatively (in severity) with the nature of the causal agent. We found that the general increase in radial growth was of greater magnitude (up to 27%) and of longer duration (up to 5 years) in fire scars compared with MPB scars, as shown in earlywood width. The changes in fibre traits were of longer duration (up to 4 years) in MPB scars compared with fire scars, as shown in microfibril angle. We also observed that the increase in latewood density was of greater magnitude (by 12%) in MPB scars, but of longer duration (by 4 years) in fire scars. These results, gathered from our new microscopic and quantitative methods, provide thresholds to differentiate between MPB and fire scars that go beyond traditional macroscopic and qualitative characteristics, such as the presence or absence of blue-stain fungi in the sapwood (Mitchell et al. 1983 , Hawkes et al. 2004 ).
Conclusions
In this study, we analysed changes in wood formation in naturally caused scars on lodgepole pine. We determined the respective effects of MPB and fire injury on tree physiology by measuring the width, density, ultrastructure (i.e., fine-scale anatomy) and chemistry of tree rings formed prior to and after cambial injury. Mountain pine beetle and fire injury elicited distinct anomalies in lodgepole pine wood, some of which differed in magnitude and/or duration between MPB and fire. Nevertheless, we stress that reduced competition and resistance to cavitation play an important role alongside cambial injury in influencing the type and severity of changes. In addition, more research is needed to validate the thresholds introduced in this study. Our findings serve as a foundation for new protocols to distinguish between bark beetle and fire disturbance, which is essential for improving our knowledge of historical bark beetle and fire regimes, and their interactions. Tree Physiology Volume 37, 2017
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